Abstract The mammalian ovary consists of a large number of dormant immature follicles, each containing a single oocyte and located on the periphery of the ovary. With each reproductive cycle, a group of immature follicles is sequentially activated to resume growth, and pituitary gonadotropins and ovarian steroid and peptide hormones cooperate to ensure further growth and development. A single dominant follicle eventually emerges, ovulates, and then involutes to allow the selection of the next group of follicles. While hormones are known to control the later stages of folliculogenesis, little is known about the pathways that activate individual immature primordial follicles in the dormant follicle pool. We advance a new hypothesis: that follicle activation is dependent on the physical environment of the ovary in addition to well-established hormonal cues. This novel perspective on ovarian function may provide new avenues to study follicle dynamics and identify therapeutic targets for ovarian dysfunction.
reproductive cycle. Rather, early-stage follicle somatic cell (i.e., granulosa cell) proliferation and oocyte growth depend on complex and sequential paracrine communication by various oocyte-, granulosa cell-, and theca cell-derived factors between and within individual follicles [1, 2] . Platelet-derived growth factor (PDGF), bone morphogenic protein-6 (BMP6), anti-Müllerian hormone (AMH), BMP15, kit ligand, basic fibroblast growth factor (bFGF), BMP4/7, GDF-9, activin, and inhibin are produced by and act on the various earlystage follicle cells to stimulate growth and differentiation. Terminal oocyte maturation is also dependent on growth factors, particularly those in the EGF-like family [3] [4] [5] .
Once follicles have reached the secondary stage and contain sufficient levels of FSH receptor, they are 'recruited' and begin a rapid phase of granulosa cell proliferation and hormone production in response to pituitary gonadotropins. While we know many of the steps that occur in the hormoneresponsive phase of follicle maturation, and we are learning more about the paracrine signals required for early-stage follicle growth, little is known about what initially activates an individual primordial follicle at a specific time during the reproductive life of an animal. In humans, whether a follicle remains quiescent, is selected into the growing pool of follicles, becomes the dominant follicle, or is lost to atresia, is determined over a period of decades, so some underlying non-stochastic spatio-temporal mechanism must be operational. Likewise, the mechanisms underlying dysfunctional follicle development are only partially explained by deficiencies in growth factor or hormone action. In polycystic ovary syndrome (PCOS), for example, follicles begin, but do not complete, development despite the presence of the necessary paracrine and endocrine signals. Thus, hormonal influences are necessary but not sufficient to control follicle development and oocyte maturation.
The physical environment in normal ovarian function In vitro culture of immature mouse follicles or granulosa celloocyte complexes on tissue culture plates or membranes has been a mainstay of research efforts investigating the hormonal environment of the ovary and its impact on follicle function [6] . These two-dimensional (2D) cultures have produced mature (MII stage) oocytes; however, the efficiency of embryo production is low. The disruption of follicular architecture in 2D cultures may limit the ability to culture immature follicles, which, as described above, depend on paracrine communication between cell types, and thus may be insufficient for culturing follicles from species such as humans, which require a long development period.
three-dimensional (3D) matrices with the objective of maintaining the follicular architecture and cell-cell communication present in the ovary. Our basal 3D culture system employs the biomaterial alginate, which has been used successfully in the culture of murine, monkey, and human immature follicles [7] [8] [9] [10] [11] . Compared with 2D culture systems, follicles cultured in the alginate hydrogel have similar growth trends in follicle diameter and steroid production, yet produce a significantly greater percentage of mature oocytes. One of the primary architectural features preserved in the alginate culture system is the network of transzonal projections (TZPs) between the oocyte and granulosa cells [12] . Maintenance of these TZPs and other somatic cell-cell connections preserves the bi-directional communication between multiple follicular compartments that is necessary for early follicle development and oocyte maturation.
An unexpected finding from 3D follicle cultures was that the physical environment regulates follicle function when hormonal stimulation is held constant [13] [14] [15] . Follicle growth, antrum formation, theca cell development, steroid production, and oocyte quality are influenced by the solids content and mechanical properties of the alginate hydrogel. Evidence supporting a role for the physical environment may be inferred from histological analyses, which found that the majority of immature ovarian follicles are present within the ovarian cortex, a collagen-rich zone of the ovary [1, 2] . By contrast, the perimedullar zone of the ovary has an extracellular matrix (ECM) density lower than that of the cortex. During follicle growth, follicles move from the cortex toward the medulla, and then complete their development along the perimedullar zone prior to ovulation at the ovarian surface. Thus, a gradient in the physical environment of the ovary may direct immature follicles to move from a dense matrix to a less dense matrix to initiate the growth process.
We hypothesize that the more rigid ovarian cortex is relatively non-permissive for follicle growth (and the perimedullar zone relatively permissive), and that the biomechanical environment within each zone modulates the follicular response to hormones (Fig. 1a) . Follicular cells would sense a dynamic mechanical environment as the growing follicle expands outward and moves through the ovarian stroma. Mechanical stimuli would be communicated rapidly throughout the follicle, as the various cell types are physically connected (e.g., via TZPs or connexins) and are actively involved in paracrine signaling. Mechanical stimuli can be powerful regulators of cellular differentiation, including the response of ovarian somatic cells to hormones [16] . As follicles transition from the nonpermissive to the permissive zone of the ovary, their response to the hormonal milieu would change and initiate a cascade of cellular processes leading to activation of follicle growth and development. We found that for follicles cultured in a non-degradable alginate matrix, follicle growth leads to an increase in mechanical stress [17] . Inclusion of a degradable component within the matrix reduced the accumulation of mechanical stress and the solids content, which significantly enhanced oocyte quality [17] . Within the intact ovary, changes in follicular versus stromal production of matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs) may also be necessary for follicle growth and migration through the ovary [18, 19] . Taken together, these findings support our hypothesis that the physical properties of the ovarian environment, through modulation of follicle responsiveness to paracrine factors and hormones, regulate follicle development. The idea that biomechanically activated signaling pathways determine the effect of ovarian rigidity on follicle development opens up many new lines of investigation.
Implications for ovarian disorders The hypothesis that the physical environment of the ovary dictates normal follicle development suggests that disruption of the normal physical environment may underlie ovarian disorders (Fig. 1b) . In 3D in vitro follicle cultures, non-permissive environments produce follicles with a number of abnormal traits: (1) they are unable to make appropriate fate decisions (die or progress to mature follicles); (2) they produce higher than normal ratios of androgen to estrogen, which suggests inadequate steroid conversion; and (3) they produce poor quality oocytes [13] [14] [15] . This follicle phenotype is similar to that observed in the ovaries of women with PCOS. Interestingly, the PCOS ovarian cortex is thicker and contains more collagen than the cortex of normal ovaries [20] . PCOS is also associated with obesity, and we have observed that the ovaries of obese mice are more rigid than ovaries from agedmatched control mice (unpublished observation). In a proteomic comparison of normal ovaries and ovaries from women with PCOS, alterations in protein expression that support accumulation of fibrin and collagen in the polycystic ovaries were observed [21] . Others have described increased collagen precursor, as well as the presence of a chaperone protein (HSP47), which has been implicated in the pathogenesis of fibrotic diseases, cyst formation, and/or a thick ovarian capsule in PCOS ovaries [22] .
PCOS was once treated by wedge resection and ovarian drilling, a controversial technique that was abandoned in favor of laparoscopic techniques or hormonal management with ovulation-inducing medications (e.g., metformin, clomiphene, gonadotropins) [23] . The long-held belief was that the removal of a part of the ovary would be sufficient to provide temporary relief of hormonal negative feedback between the ovary and the pituitary. Our hypothesis provides a contrasting view: wedge resection or drilling may relieve inhibition of follicle growth by changing the physical environment of the ovary to create a more permissive environment for follicle growth. Our interpretation would suggest that biochemical methods aimed at altering the physical environment of the ovary, or that target biomechanical signaling pathways within the ovary, may provide new avenues for therapeutic development.
Significance and the next five years The intersection of three kinds of signals to the ovary-hormone and growth factor signaling, the structural architecture and relationship between cells in the follicle, and the physical environment Unknown signals stimulate immature primordial follicle activation to enter the growing follicle pool. We hypothesize that the biomechanics of the ovarian environment contribute to primordial follicle activation and that the relatively dense cortex maintains follicle quiescence while the perimedullar region represents an environment more permissive to growth. b The follicles found in a PCOS ovary are usually small, accumulate in the cortex, and secrete high levels of androgen and relatively low levels of estrogen. The underlying etiology of this disease is unknown. Based on our work, we hypothesize that the relatively dense cortex creates a biomechanically non-permissive environment and is one of the contributing factors in the disease. c If this hypothesis is correct, one would predict that premature loss of ovarian function would be associated with a physically less rigid ovarian cortex of the ovary-opens a new perspective to the study of an old problem-how individual follicles are led to their various fates over a woman's reproductive lifetime. In vitro follicle culture systems provide an invaluable model in which to study folliculogenesis, and will enable many key mysteries of normal ovarian function to be unraveled. These culture systems may also identify the mechanisms underlying disorders of follicle growth, such as PCOS or premature ovarian insufficiency (Fig. 1c) .
A consequence of this model is the need to develop tools that measure the physical properties of the ovary in vivo, which could ultimately be employed for patient diagnostics. This tool would ideally measure the local environment around individual follicles, on length scales of 10 to 100 μm. The inability to non-invasively measure ovarian physical properties presents a significant obstacle to testing our hypothesis in vivo. In the meantime, 3D follicle culture offers a unique opportunity to study the physical regulation of follicle growth and perhaps identify the signaling pathways that are engaged in permissive and nonpermissive environments within the ovary.
Conclusion
We present here a new hypothesis that has supporting evidence but to date no proof that the physical environment of the ovary in addition to hormonal cues contributes to follicle health and disease. To test the hypothesis requires the development of new tools and new approaches to the ovarian environment. The study of biomechanical signaling, which may exist as a gradient, may contribute to the solution of the most interesting unsolved question in reproductive biologywhat causes a single primordial follicle to exit dormancy and begin the hormonally-dependent process of oocyte growth, follicle development and terminal oocyte maturation.
